While an increasing number of studies highlights that parental environment shapes offspring phenotype (transgenerational plasticity TGP), TGP beyond the parental generation has received less attention.
(one snail from each of the 15 families). We made 6 copulation groups per treatment and each reproduced in Transgenerational plasticity of inducible defenses: combined effects of grand-parental, parental and current environments -4/16 a 5L-aquarium for 24h in no-predator water to insure embryos are not exposed to predator environment. Then, 81 individuals were isolated, and we randomly selected 18 F 1 snails that had laid eggs from each treatment. We then 82 followed the same protocol as previously to rear F 2 snails in control and predator-cue environments according to a 83 full factorial design (n total = 395) until 49 days after hatching. The F 3 generation was then generated and reared 84 using the procedure described above (n total = 375). As growth rate was slowing down every generation under our 85 laboratory conditions and we wanted snails in a reasonably sufficient size, we reared the F 3 generation at a later age 86 (74 days after hatching). This F 3 generation was represented by eight combinations of grand-parental (E1), parental 87 (E2) and offspring (E3) environments: CCC, CPC, PCC, PPC, CCP, CPP, PCP and PPP with each time "C" for 88 control environment and "P" for predator-cue environment. The number of families per combination of environments 89 spreads from 11 to 17, except for PCC and PCP where the number of families were 3 and 4, respectively (details in 90   Table S1 ).
91
Water and food (ad libitum, chopped and boiled lettuce) were renewed for all experimental snails twice a week.
92
Predator-conditioned water with predator cues was obtained by individually rearing crayfishes (Procambarus clarkii) 93 in 4L reconstituted water and feeding with one P. acuta adult one day before water change (Auld and Relyea, 2011) .
94
This crayfish-conditioned water was used for the predator-cue treatment while only reconstituted water was used for 95 the control treatment.
96
Anti-predator behavior assessment and morphological measurements 97 We assessed anti-predator behavior three times in 70-day-old F 3 snails through three consecutive days starting 98 one day after the water change. Crawling-out of the water (position above water surface) is considered as allowing 99 to escape from benthic predators like crayfishes (DeWitt et al., 1999) . We then measured anti-predator behavior by 100 recording the position above/on or below the water surface in the rearing boxes with predator cues present or absent 101 according to the treatment.
102
At 74 days old, we weighted the snail weight with an electronic scale at the nearest 0.001mg. Shell and aperture size 103 (shell and aperture length, shell and aperture width) was assessed using a photography analyzed with the software 104 ImageJ (Schneider et al., 2012) . We estimated the change of the shell and aperture shape by calculating the shell and 105 aperture length/width ratio. Shell thickness was measured with an electronic caliper at the nearest 0.01mm. Shorter 106 and narrower shell and aperture dimensions (after adjusting for mass) and thicker shell are adaptive anti-predator 107 responses (Auld and Relyea, 2011) .
108

Statistical analysis
109
The multigenerational effect of predator cues on anti-predator behavior (i.e. snail position above/on or below 110 the water surface) was analyzed using generalized linear mixed models (GLMM) assuming a binomial distribution
111
(logit link function). The multigenerational effect of predator cues on weight, shell thickness, shell size and shape, Transgenerational plasticity of inducible defenses: combined effects of grand-parental, parental and current environments -5/16 and aperture size and shape was analyzed using linear mixed models (LMM) with restricted maximum likelihood 113 estimation and Kenward and Roger's approximation for degrees of freedom. Grand-parental (E1), parental (E2), 114 offspring (E3) environments, and all interactions were considered as fixed effects. Interactions with P-value > 115 0.10 were removed from models. Because shell thickness and all shell and aperture size traits were significantly 116 correlated with weight (see in Table S2 ), weight (ln transformation) was added as a continuous fixed effect (analyses 117 of covariance) in these models. Family was considered as a random intercept effect in all models. Individual identity 118 was added as a random intercept model in the GLMM model (anti-predator behavior analysis) to account for repeated 119 measures on the same individual. We used type 2 F-tests for significance of fixed effects in the LMM and likelihood 120 ratio tests in the GLMM (lmerTest package; Kuznetsova et al., 2017) . We tested significance of random effects with 121 likelihood ratio tests comparing models with or without the tested random effect in the full fixed effect structure. All 122 statistical analyses were performed with R 3.4.1 (R Core Team, 2017) and the glmer() and lmer() functions from the 123 lme4 package (Bates et al., 2015) .
124
Results
125
Anti-predator behavior
126
The offspring exposure to predator cues (E3) significantly increased by 105% the proportion of snails crawling-127 out the water (Table 1a ; Fig. 1a ). The parental environment (E2) did not affect the proportion of crawling-out 128 behavior (Table 1a ; Fig. 1a ). However, grand-parental exposure to predator cues (E1) significantly increased by 28% 129 the proportion of crawling-out behavior (Table 1a ; Fig. 1a ). Family and individual random effects were significant 130 (Table 1a) .
131
Snail weight
132
The offspring exposure to predator cues significantly decreased by 18% the snail weight (Table 1b ; Fig. 1b) .
133
Neither the parental environment nor the grand-parental environment influenced snail weight (Table 1b ; Fig. 1b ).
134
Family random effect was significant (Table 1b) .
135
Shell thickness
136
After accounting for snail weight, grand-parental and parental environments interacted both with the offspring 137 environment (Table 1c ; Fig. 1c ), demonstrating that both could affect the offspring response to predator cues. In the 138 offspring control environment, the grand-parental exposure to predator cues increased by 7% the offspring shell 139 thickness whereas the parental exposure to predator cues decreased by 11% the offspring shell thickness. And in the 140 offspring predator-cue environment, the grand-parental exposure to predator cues decreased by 9% the offspring shell 141 thickness whereas the parental exposure to predator cues increased by 11% the offspring shell thickness. Regarding Transgenerational plasticity of inducible defenses: combined effects of grand-parental, parental and current environments -6/16 the direct effect of offspring environment, offspring from predator-cue environment had a thicker shell than those 143 from current control environment (Table 1c ; Fig. 1c ). Family random effect was not significant (Table 1c) .
144
Shell shape
145
The shell shape (ratio shell length/width) was significantly affected by a parental-by-offspring environments 146 interaction (Table 1d ; Fig. 1d ). The parental exposure to predator cues induced a narrower shell shape (increase 147 by 1.6% of the ratio shell length/width) for offspring from control environment whereas it induced a rounder shell 148 shape (decrease by 0.9% of the ratio) for offspring from predator-cue environment. The grand parental exposure to 149 predator cues had no effect on shell shape (Table 1d ; Fig. 1d ). Regarding the direct effect of offspring environment, 150 the offspring exposure to predator cues induced a narrower shell (Table 1d ; Fig. 1d ) but did not affect significantly 151 the shell length and width (for details see Table S3 and Figure S1 ). Family random effect was significant (Table 1d ).
152
Aperture shape
153
The aperture shape (ratio aperture length/width) was significantly affected by a parental-by-offspring envi-154 ronments interaction (Table 1e ; Fig. 1e ; for details about aperture length and width see Table S3 and Figure S1 ).
155
The offspring from parental control environment reacted to predator cues by increasing of 1.1% their aperture 156 shape (narrower aperture), whereas offspring from parental predator-cue environment reacted to predator cues by 157 decreasing by 2.5% their aperture shape (rounder aperture). From a parental environment point of view, the parental 158 exposure to predator cues induced a narrower aperture of offspring from offspring control environment (increase 159 of 3.5%) whereas it did not significantly influence the aperture shape of offspring from offspring predator-cue 160 environment. The grand-parental environment had no effect on aperture shape (Table 1e ; Fig. 1e ). Family random 161 effect was significant (Table 1e) .
162
Discussion
163
We first confirm that the exposure to predator cues induces well-known defenses against crayfish predation in P. 164 acuta. Our key finding is that predator cues alter also offspring defenses two generations later but depending on 165 the offspring environment (WGP x TGP) and the defensive traits considered. Our experimental work highlights 166 that TGP effects can be complex beyond the parental generation and that the offspring phenotype results from a 167 combination of multigenerational effects.
168
Corroborating several studies on anti-predator defenses of Physa sp. (Auld and Relyea, 2011; Dalesman et al., 2009; 169 DeWitt et al., 1999 169 DeWitt et al., , 2000 Turner et al., 1999) , the offspring exposure to predator cues induced higher crawling-out 170 behavior, shell-crushing resistance (thicker shell) and entry-resistant shell (narrower shell and aperture shape).
171
Moreover, offspring exposed to predator cues were lighter, suggesting a trade-off, i.e. a lower energetic investment The effect of multi-generational exposure to predator-cues on offspring a crawling-out behaviour (proportion of snails out the water in %), b total weight, c least-mean squares of shell thickness in the model accounting for weight described in Table 1 , d shell shape (ratio shell length/width), and e aperture shape (ratio aperture length/width). CCC, PCC, CPC, PCC, CCP, PCP, CPP and PPP represent the eight combinations of grand-parental (E1), parental (E2) and offspring (E3) environments with "C" for control environment and "P" for predator-cue environment for every generation. White shapes are for grand-parental control environment and black shapes for grand-parental predator-cue environment. Circles are for parental control environment and squares for parental predator-cue environment. Data are means ± SE. Transgenerational plasticity of inducible defenses: combined effects of grand-parental, parental and current environments -9/16 2012). This result stresses the fitness advantage of WGP which allow the production of costly defenses only in case of predation (Harvell, 1990) .
175
Grand-parental and parental effects on anti-predator defenses
176
TGP is expected to evolve when the ancestral environment is a good proxy of offspring environment (Bon-177 duriansky and Day, 2009; Dey et al., 2016; English et al., 2015; Harvell, 1990; Leimar and McNamara, 2015; 178 Uller, 2008), allowing a pre-adaptation of offspring to predation risk (Agrawal et al., 1999) . In our predator-prey 179 system, crayfish has a long lifespan (ca. 3 years) compared to the generation time of P. acuta (ca. 50 days) and 
Combination of multigenerational effects on anti-predator defenses
196
As previous theoretical and experimental works (Hafer et al., 2011; Kou et al., 2011; Lock, 2012; Prizak et 197 al., 2014; Shama and Wegner, 2014; Walsh et al., 2014) , we showed that the offspring phenotype results from a 198 combination of multigenerational effects (grand-parents, parents and offspring). However, the grand-parental and 199 parental effects did not interact together in our study. They acted rather independently, either only one affected the and aperture shape in offspring control environment whereas it induced a rounder shell shape and didn't affect
205
Transgenerational plasticity of inducible defenses: combined effects of grand-parental, parental and current environments -10/16 aperture shape in offspring predator environment. By contrast, the offspring crawling-out behavior increased with 206 offspring and grand-parental exposure to predator cues while the parental environment did not alter this behavior.
207
Shell thickness was influenced by both grand-parental and parental environments, but in opposing directions and 208 depending on the offspring environment (grand-parental and parental WGP x TGP interactions). In offspring control 209 environment, grand-parental exposure to predator cues increased the offspring shell thickness whereas parental 210 exposure reduced the shell thickness. The effects were opposite in the offspring predator-cue environment.
211
Firstly, these results confirm that offspring reaction norms can be altered by parental environment (morphological 212 traits and shell thickness; Donelson et al., 2018; Luquet and Tariel, 2016; Salinas et al., 2013) Trait-dependence of transgenerational plasticity 230 Our results show that the pattern of TGP depends on the traits (anti-predator behavior, shell thickness and 231 shell/aperture shapes). Behavioral traits, which are often labile and exhibiting reversible WGP within developmental 232 or adult stages, are predicted to be influenced by current environment rather than by past environmental experience 233 (Dingemanse and Wolf, 2013; Piersma and Drent, 2003) . Behavioral WGP in response to current environmental cues 234 should rapidly by-pass the behavioral TGP (Beaman et al., 2016) . By contrast, the traits that are more constrained 235 during the development and exhibiting irreversible variations, as morphological traits, are predicted to be relatively 236 more influenced by past environments (Kuijper and Hoyle, 2015) . TGP on morphological traits could irreversibly Transgenerational plasticity of inducible defenses: combined effects of grand-parental, parental and current environments -11/16 engage the offspring on developmental trajectories that this effect could not be compensated by WGP. In P. acuta, 238 crawling-out behavior is indeed very flexible and reversible at a time scale of hours while a thicker shell and a rounder 239 or narrower shell shape are irreversible changes in the developmental trajectory (DeWitt et al., 1999; Relyea, 2003) .
240
Surprisingly in our study, the escape behavior of offspring is influenced by the grand-parental environment while 241 morphological (shell and aperture shapes) traits are only influenced by the parental environment. This highlights 242 that transgenerational effects on morphological traits may have a short persistence over generations while behavioral 243 TGP may be much more prevalent than currently realized. Parental TGP on behavioral traits has been sometimes 244 observed (e.g. Bestion et al., 2014; Donelan and Trussell, 2015; Giesing et al., 2011; Storm and Lima, 2010) and 245 few times with long-lasting effects over generations (Dias and Ressler, 2014; Remy, 2010) .
246
Conclusion
247
In our study, we demonstrated that the effects of multigenerational (grand-parental, parental and offspring) 248 exposure to predator cues on a variety of offspring defensive traits (escape behavior, shell thickness and shape) do 249 not fit simple anti-predator scenarios. The multigenerational effects combined, sometimes in opposing directions 250 and depending on the traits, to shape the offspring anti-predator defenses. We call for more theoretical and empirical 251 studies integrating the combined effects of multigenerational environments on larger number of generations,
252
investigating the underlying mechanisms (epigenetic inheritance) and evaluating their evolutionary importance. 
